Tomato golden mosaic virus is a bipartite geminivirus whose genome is divided between two circular DNA molecules. DNA A encodes functions necessary for viral DNA replication and encapsidation, whereas DNA B provides functions needed for movement in the host. Previous studies have shown that the viral AL2 gene product transactivates expression of the coat protein gene (AR1). We have investigated the role of the AL2 protein in the regulation of B component gene expression and examined the transcriptional and post-transcriptional cornponents of this regulation. We found that AL2 protein is required for efficient expression of both the AR1 and BR1 genes, but not the BL1 gene. A comparison of steady state transcript levels and transcript levels determined by nuclear run-on analysis showed that activation of AR1 and BR1 gene expression by the AL2 protein occurs primarily at the leve1 of transcription. These results provide an explanation for the lack of infectivity demonstrated by AL2 mutants, and suggest that the AL2 protein interacts with the cellular transcription machinery to activate the expression of rightward viral genes.
INTRODUCTION
The geminiviruses are a group of plant infectious agents characterized by a circular, single-stranded DNA (ssDNA) genome and a paired particle morphology (for a review, see Lazarowitz, 1987; Davies et al., 1989; Bisaro et al., 1990) . Tomato golden mosaic virus (TGMV) belongs to the bipartite subgroup of geminiviruses; its genome consists of two ssDNA circles, DNA A and DNA B, which are both required to generate a systemic infection (Hamilton et al., 1983) . DNAA encodes all viral functions necessary for the replication and encapsidation of viral DNA, whereas DNA B provides functions required for movement of the virus in the infected plant (Rogers et al., 1986; Sunter et al., 1987) . The encapsidated ssDNAs are replicated through circular double-stranded DNA (dsDNA) intermediates in the nucleus of the host cell, presumably by a rolling circle mechanism (Saunders et al., 1991; Stenger et al., 1991) . Viral DNA replication, which results in the accumulation of both single-and double-stranded viral DNAs in large amounts, involves the expression of only a small number of viral proteins that are necessary either for the replication process itself or facilitate replication or viral transcription (discussed further below). The geminiviruses, therefore, appear to rely primarily on the machinery of the host to copy their genomes and express their genes. In support of this idea, nucleotide sequence analysis and the results of RNA mapping studies have indicated that TGMV transcription units are l To whom correspondence should be addressed.
flanked by conventional RNA polymerase II initiation and polyadenylation signals (Hanley-Bowdoin et al., 1989; . One consequence of this host dependence is that the geminiviruses are useful models for plant DNA replication and transcription, and have the potential to yield nove1 insight into the control of these processes.
As illustrated in Figure 1 , the double-stranded replicative forms of the TGMV genome components together contain six open reading frames (ORFs) capable of coding for proteins larger than 10 kD (Hamilton et al., 1984) . Mutational analysis has demonstrated that an intact AL1 ORF is absolutely required for the replication of viral DNA (Elmer et al., 1988a) . Further, studies with transgenic plants expressing AL1 have shown that this protein, in conjunction with the host replication machinery, is sufficient to drive the replication of DNA B (Hayes et al., 1989; Hanley-Bowdoin et al., 1990) . The AL3 gene product, although not essential for replication, plays an important role in this process because mutants containing lesions in the AL3
ORF accumulate -50-fold less DNA than the wild-type virus . Not surprisingly, AL3 mutants display delayed and attenuated symptoms in inoculated plants (Elmer et al., 1988a) . The coat protein (ARl), like the AL3 gene product, is not required for infectivity, but when coat protein is absent, disease symptoms also are delayed and attenuated (Gardiner et al., 1988) . In contrast, a frameshift mutation in the AL2 ORF results in a loss of infectivity in plants although AL2 mutants are able to synthesize DNA in transient leaf disc and protoplast replication systems (Elmer et al., 1988a; Sunter et al., 1990) . Despite the difference in their ability to infect plants, AR1 and AL2 mutants share a similar phenotype in transfected protoplasts. In this system, viral genomes defective in either ORF fail to accumulate coat protein and apparently as a consequence also accumulate reduced amounts of ssDNA ). An explanation for this similar phenotype has been provided by the observation that the AL2 gene product transactivates expression of the AR1 gene (Sunter et al., 1991) . However, this does not account for the inability of AL2 mutants to infect plants.
DNA B gene products appear to be required for spread of the virus in the host, because mutations that inactivate the BR1 or BL1 genes result in a loss of infectivity in plants but have no apparent effect on viral DNA replication in protoplasts (Brough et al., 1988; Sunter et al., 1990) . The similar position of the AR1 and BRl ORFs on their respective genome components as well as the similar structure of their transcription units suggest that AR1 and BR1 expression might be regulated by a common mechanism. If so, the noninfectious nature of AL2 mutants could be explained by a shared requirement of AR1 and BR1 gene expression for the AL2 gene product. In this study, we demonstrated that efficient expression of both the AR1 and BR1 genes is in fact dependent upon the presence of a functional AL2 ORF and that the AL2 protein alone is sufficient for this transactivation. We also present evidence which indicates that transactivation occurs primarily at the leve1 of transcription.
RESULTS

TGMV Mutants and in Vivo Expression Assays
Severa1 DNA A and DNA B mutants were constructed to examine the effects of the AL2 gene product on the expression of the viral ARl, BR1, and BL1 genes. In some mutants, the P-glucuronidase (GUS) reporter gene (Jefferson, 1987) was used to replace the viral coding regions, providing a simple and sensitive assay for their expression. The mutant viral genomes, shown in Figure 2 , were inserted into pUC118-based vectors containing approximately one-half of DNA A (the 1128-bp EcoRI-Scal fragment containing the common region) or DNA B (the 1265-bp Bglll-EcoRI fragment containing the common region; Sunter et al., 1990) . The constructs, therefore, contained tandem repeats of the A or B genome component but only a single copy of the region of interest.
Wild-type and mutant TGMV DNAs were transfected into Nicofiana fabacum suspension culture-derived protoplasts Brough et al., 1992) . In plant cells, DNA Ais released from the tandem viral DNA repeats by a replicative mechanism or by homologous recombination and replicates as a circular, unit length genome (Rogers et al., 1986; Elmer et al., 1988b; Stenger et al., 1991) . DNA B is incapable of independent replication, but is replicated by DNA A functions provided in trans (Rogers et al., 1986) . Three days post-transfection, GUS assays were performed using protein obtained from protoplast extracts (Jefferson, 1987) . The extent of replication of DNA A andlor DNA B was determined by gel blot analysis (Southern, 1975) using DNA isolated from the same extracts.
Expression of the AR1 and BR1 Genes Requires the AL2 Gene Product
Previous studies in this laboratory have established that expression of the AR1 gene is dependent on the presence of a functional AL2 ORF (Sunter and Bisaro, 1991) . As shown in Figure 3A , expression of GUS from a coat protein replacement construct was reduced to background levels when the TGMV genome also contained a frameshift mutation in the AL2 ORF (pTGA55). GUS activity was restored upon cotransfection of pTGA55 with wild-type DNA A (pTGA26), but not by cotransfection with AL2-mutant DNA A (pTGA44).
To determine whether the AL2 gene product is also required for expression of the BR1 gene, protoplasts were cotransfected with wild-type or AL2-DNA A and DNA B in which the BR1 ORF is replaced by GUS (pTGB111). Extracts from protoplasts transfected with pTGBlll alone, which is incapable of independent replication and under these conditions is also deprived of AL2 function, did not contain GUS activity above background I levels ( Figure 3A ). When pTGB111 was cotransfected with pTGA26, a substantial leve1 of GUS activity was observed. That this activity was also dependent on a functional AL2 ORF was confirmed by cotransfection of protoplasts with pTGB111 and pTGA44. In contrast to the AL2 dependence of BR1 gene expression, high levels of GUS activity were observed in the absence of AL2 function following transfection of protoplasts with DNA B containing the GUS coding region inserted in the BL1 ORF (pTGB110; Figures 2 and 3A) .
To rule out the possibility that differences in GUS expression seen upon cotransfection of protoplasts with BR1-replaced DNA B and wild-type or AL2-DNA A were due to differences in replication levels, DNA isolated from the same protoplast extracts used to measure GUS activity was analyzed by DNA gel blot hybridization. Previous studies have shown that the AR1-replaced vira1 genome derived from pTGA55 replicates to the same extent in tobacco cells when cotransfected with either pTGA26 or pTGA44 (Sunter and Bisaro, 1991) . Likewise, as shown in Figure 4 , similar levels of unit length, replicating dsDNA B were observed using a GUS-specific probe when pTGB111 was cotransfected with pTGA26 or pTGA44. We concluded from this experiment that differences in GUS activity measured in the presence or absence of AL2 function were not the result of differential replication of DNA 6. The linear maps illustrate unit length wild-type and mutant TGMV A and B DNAs inserted into pUC118-based vectors containing one-half of the TGMV A (pTGA2O) or B (pTGB38) genome components . The hatched box represents the common region (CR) and the boxes above the lines indicate the positions of ORFs. The shading within the ORF boxes signifies an uninterrupted reading frame, and the triangles indicate the position of a C residue inserted by site-directed mutagenesis that creates a frameshift in AL2 and a new Xbal site. The parallel lines through the GUS coding regions indicate that they are not drawn to scale. Plasmid pTGA79 contains the AL2 ORF inserted between the 35s promoter from cauliflower mosaic virus (CaMV p35S) and the 3' terminus of the nopaline synthase gene (nos 3 ' ) . The columns represent mean GUS activities, in picomoles (pm) of 4-methylumbelliferone (MU) produced per minute per milligram of protein, detected in extracts from protoplasts (2.5 x 105) transfected with TGMV derivatives. Mean GUS activities are given above each column, and error bars represent the standard error of the mean. In all experiments, the amount of background fluorescence was determined using extracts from protoplasts transfected with wild-type DNA A (pTGA26; 1 pg). Statistical analyses (ANOVA and Student-Newman-Keuls multiple range test) indicated that only the means from transfections done in the presence of AL2 function or with BL1 DNA alone were significantly different (P < 0.05) from background.
(A) GUS activity in the presence or absence of AL2 function. GUS activities were measured in extracts from protoplasts transfected with pTGA55 (four experiments), pTGA44+pTGA55 (four experiments; A55, pTGA55), pTGA26+pTGA55 (four experiments), pTGA79+ pTGA55 (five experiments), pTGBlll (four experiments), pTGA44+pTGBl11 (four experiments; B111, pTGBlll), pTGA26+pTGBlll (four experiments), pTGA79+pTGB111 (two experiments), and pTGB110 (three experiments). Transfections were carried out using 1 pg of pTGA55, pTGB110, and pTGBlll DNA. Cotransfection inocula also contained 1.5 pg of pTGA26, pTGA44, or pTGA79 DNA.
(8) GUS activity in the presence of a heterologous 3' end. GUS activities were measured (three experiments) in extracts from protoplasts transfecied with pTGA6l (4 pg) alone, or cotransfected with pTGA44 (5 pg) or pTGA26 (5 pg). A61, pTGA61.
Because of the overlapping organization of the leftward DNA A ORFs and the possibility of complex interactions between viral proteins, it was important to determine whether the protein encoded by the AL2 ORF alone is responsible, in conjunction with the host transcription machinery, for efficient expression of the AR1 and BR1 genes. As shown in Figure  3A , GUS activity from pTGA55 and pTGB111 was detected when these constructs were cotransfected with a plasmid designed to provide only AL2 function in trans (pTGA79; Figure 2 ). Thus, the AL2 protein appears to be sufficient to transactivate rightward viral gene expression.
Transactivation Does Not Require the 3' End of the Target Transcript
It is possible that the ALFmediated activation observed in experiments with the GUS replacement constructs is posttranscriptional. If so, it is unlikely to involve the 5' leaders of the AR1 and BR1 transcripts due to their small size (8 to 15 nucleotides) and lack of sequence conservation (AR1,5'-AAT-TCAAA; BR1,5'-ATATTATAAGTTAAT; Petty et al., 1988; . To examine the possible role of the 3' untranslated region, the 3'end of the AR1 transcription unit remaining in pTGA55 was replaced with a heterologous 3' end from the nopaline synthase gene . The resulting construct (pTGA61; Figure 2 ), in addition to containing the GUSlnopaline synthase replacement of AR1, is also an AL2/3 mutant. As shown in Figure 38 , GUS activity significantly above the background produced by wild-type DNA A was not observed in extracts from protoplasts transfected with pTGA61 alone or cotransfected with pTGA61 and AL2-DNA A (pTGA4.4). However, GUS activity was easily detected upon cotransfection of pTGA61 with wild-type DNA A (pTGA26). Gel blot analysis of DNA isolated from these extracts indicated that pTGA61 replicated with similar efficiency in the presence of wild-type DNA A or the AL2 mutant (data not shown).
Transactivation Occurs Primarily at the Level of Transcription
Steady state transcript levels were estimated and nuclear runon transcription assays were performed to assess the transcriptional and post-transcriptional effects of the AL2 gene product on AR1 and BR1 gene expression. Steady state levels of ARI-specific RNA were examined in protoplasts and leaf discs transfected or agroinoculated with wild-type DMA A or the AL2~ mutant. The leaf discs were cut from transgenic N. benthamiana plants containing tandemly repeated copies of TGMV DNA B. Following inoculation of these leaf discs with DNA A, the DNA A and DNA B genome components are replicated to the same extent as when both are coinoculated to untransformed tissue (data not shown). An autoradiogram showing the results of RNA gel blot hybridization analysis of poly(A) + RNA isolated from protoplasts and leaf discs is presented in Figure 5 . Following hybridization with a probe Poly(A)+ RNA isolated from protoplasts, leaf discs, or plants was immobilized on nitrocellulose and hybridized with a 32 P-labeled riboprobe complementary to and specific for the AR1 ORF. Lanes 1 and 2 contain 5 ng of RNA isolated from protoplasts transfected with AL2-(pTGA44) or wild-type (pTGA26) DNA A, respectively. Lane 3 contains 25 ng of RNA isolated from TGMV-infected N. benthamiana plants. Lane 4 contains 2 ug of RNA from leaf discs agroinoculated with wildtype DNA A (pMON337), and lane 5 contains 4 ng of RNA isolated from leaf discs agroinoculated with AL2~ DNA A (pMON422). All the samples were hybridized on the same membrane; lanes 1 and 2 represent a 3-day exposure, and lanes 3,4, and 5 represent a 2-hr exposure at -80°C with an intensifying screen. specific for the AR1 coding region, it was clear that AR1 transcripts are abundant in protoplasts and leaf discs containing wild-type AL2 function, but accumulate in only small amounts when AL2 is absent. Direct quantification of the blot suggested that steady state AR1 transcript levels with wild-type DNA A were at least 30-fold greater in protoplasts and ~20-fold greater in leaf discs.
Nuclear run-on transcription assays were used to examine the levels of AR1 and BR1 transcription in leaf discs in the presence or absence of AL2 function. Leaf discs obtained from nontransformed N. benthamiana plants were used for these studies because it proved difficult to obtain nuclei suitable for the run-on transcription assay from our suspension culturederived protoplasts. Nuclei were isolated from leaf discs inoculated 7 days previously and incubated in transcription buffer containing 32 P-UTP; run-on transcripts were hybridized with filter-bound DNA probes specific for AR1 and/or BR1 transcripts. A DNA probe specific for the £> subunit of mitochondria! ATP synthase was included as a control (Boutry et al., 1985) . Total DNA was isolated from aliquots of the same nuclear preparations and examined by DNA gel blot hybridization to quantify levels of replicating viral dsDNA. This was done because previous studies have shown that in leaf discs, AL2 mutants accumulate increased amounts of viral dsDNA(the transcription template) relative to the wild-type virus (G. Sunter and D. M. Bisaro, unpublished observations) . This is in contrast to the roughly equivalent amplification of dsDNA A and B forms seen in protoplasts transfected with wild-type or AL2~ DNA A and DNA B ; cf. Figure 4) . The reason for this difference between the two systems is not understood.
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Three different types of run-on transcription assays were performed to evaluate AR1 and BL1 transcription in leaf discs. In one, shown in Figure 6 , leaf discs were coinoculated with wild-type or AL2~ DNA A and DMA B. As indicated in Table  1 , AR1 transcripts were ~18 times more abundant and BR1 transcripts were ~19 times more abundant in nuclei from discs inoculated with the wild-type genome components, in good agreement with steady state estimates. However, these measurements are clearly underestimates of the difference in transcription levels on a unit template basis, because discs inoculated with AL2-DNA A contained ~17 times more dsDNA A and ~3 times more dsDNA B than discs inoculated with the wild-type A genome component, as shown in Figure  7 and Table 1 . In other experiments, leaf discs were inoculated with either the wild-type DNA A or AL2~ DNA A alone, or were coinoculated with DNA B containing a frameshift mutation in the BL1 ORF ( Figure 6 ). The absence of BL1 function prevents spread of the virus in the disc, which otherwise can occur when DNA A is coinoculated with DNA B, but not when AL2~ DNA A is used in the inoculum. In each case, AR1 and BR1 transcripts were more abundant in nuclei from discs inoculated with wild-type DNA A, although transcript abundance varied in accordance with differences in relative dsDNA levels (Table 1). When dsDNA levels were taken into account, transcript ATP B AL2- The panels show autoradiograms of DNA gel blots in which ^P-labeled, run-on transcripts were hybridized to 1 |ig each of the 637-bp XholCsp45l DNA fragment specific for the AR1 ORF (AR1), the 614-bp EcoRIAflll DNA fragment specific for the BR1 ORF (BR1), and a 1537-bp EcoRI-Hindlll fragment containing one of the nuclear genes (afp2-1) encoding the p subunit of mitochondrial ATP synthase (ATP). The 32 P-labeled transcripts were obtained from nuclear run-on transcription assays using nuclei isolated from N. benthamiana leaf discs agroinoculated with DNA A and a BL1 mutant (A + BUT), an AL2 mutant and a BL1 mutant (AL2~ + BUT), DNA A and DNA B (A + B), an AL2 mutant and DNA B (AL2~ + B), DNA A alone (A), or an AL2 mutant alone (AL2~). Equivalent amounts of transcripts (1 x 10 7 cpm) were used in all cases, except for the ATP control (0.4 x 10 7 cpm for A, 0.8 x 10 7 cpm for AL2~). The data are representative of three independent experiments. Quantification of the signals obtained on this blot is presented in Table 1 . Nuclear DNA (1 ng) isolated from the same nuclei used for the nuclear run-on experiments shown in Figure 6 was blotted and hybridized with 32 P-labeled riboprobes specific for TGMV DNA A or DNA B. The probes used were of different sizes and specific activity, and so DNA A and DNA B hybridization signals cannot be directly compared. Lanes contain nuclear DNA from discs agroinoculated with an AL2 mutant and DNA B (AL2~ + B, lanes 1 and 5), DNA A and DNA B (A + B, lanes 2 and 6), an AL2 mutant and a BL1 mutant (AL2~ + BUT, lanes 3 and 7), and DNA A and a BL1 mutant (A + BL1", lanes 4 and 8).
The positions of open circular (OC), linear (LIN), and supercoiled (SC) TGMV-specific DNAs are indicated. The accumulation of ssDNA in leaf discs is highly variable (Elmer et al., 1988a) , and ssDNA was not detected in this experiment. Quantification of the signals obtained on this blot is presented in Table 1 Relative transcript levels per unit of template were calculated by multiplying the difference in transcript levels (AL2-/A) by the difference in dsDNA levels (A/AL2-). Transcript levels obtained with wild-type DNA A were arbitrarily assigned a value of 1. levels in the absence of AL2 function were found in all cases to be less than 1% of the wild type in the case of AR1 and 1 to 2% of the wild type in the case of BR1.
DlSCUSSlON
Previous studies have shown that the accumulation of TGMV coat protein requires an intact AL2 ORF and that the AL2 gene product transactivates coat protein expression Sunter and Bisaro, 1991) . However, these observations did not explain the inability of AL2 mutants to infect plants (Elmer et al., 1988a) , because coat protein is not required for infectivity (Gardiner et al., 1988) . The experiments described in this study appear to resolve this outstanding issue by showing that in addition to coat protein (ARl), the AL2 gene product also transactivates the expression of the BR1 gene, which is needed for spread of the virus in the infected plant. Thus, in the absence of AL2 function, BR1 protein accumulation may be insufficient to mount a systemic infection. We have also demonstrated that the product of the AL2 ORF alone, in conjunction with the transcription machinery of the host, is sufficient for the observed activation.
The recent experiments of Haley et al. (1992) with the related African cassava mosaic virus (ACMV) have indicated that the ACMV AL2 protein also stimulates expression of both the AR1 and BR1 genes, but in these studies the observed effect was reported to only be approximately threefold. Moreover, these authors noted low but measurable GUS expression from the AR1 and BR1 promoters in the absence of AL2 function, which was not observed in our experiments. The disparate results may reflect differences in the control circuitry of the viruses themselves, differences inherent in the protoplast systems used (N. tabacom in our TGMV studies and N. clevelandii in the ACMV studies), or differences in the procedures used to establish background expression levels.
Another explanation for the relatively low level of activation reported may be that nonreplicating expression constructs were employed in the ACMV experiments. We have found that expression from a replicating TGMV DNA A construct that contains a GUS replacement of the AR1 coding region but is otherwise wild type is considerably greater (60-to 90-fold) than expression from similar DNA A constructs that also contain mutations in the AL1 ORF and as a result do not replicate (Brough et al., 1992) . Haley et al. (1992) also presented evidente which suggests that the ACMV AL2 protein enhances the expression of the BL1 gene. In contrast, we found that TGMVAL2 function is not required for the efficient expression of this gene ( Figure 3A) , and more recent results suggest that the AL2 protein has no significant effect on expression from the BL1 promoter of this virus (G. Sunter and D.M. Bisaro, unpublished results) .
Severa1 lines of evidence indicate that transactivation by AL2 protein occurs at the level of transcription. First, transactivation appears to be independent of sequences within the target transcript. This was demonstrated by experiments in which the entire AR1 transcription unit, with the exception of its eightnucleotide, 5' untranslated leader, was replaced by the GUS coding region coupled to a 3'end derived from the nopaline synthase gene. The remaining leader sequence bears no obvious resemblance to the lBnucleotide, 5' untranslated region of the BR1 transcript. Second, steady state coat protein mRNA levels, as measured by RNA gel blot hybridization, are much higher in protoplasts and leaf discs inoculated with wild-type DNA A than in those inoculated with AL2-DNA A. Finally, the results of nuclear run-on transcription experiments also indicate that in tobacco leaf disc cells, AR1 and BR1 transcript levels are considerably greater in the presence of AL2 function than in its absence. The observed difference in AR1 transcript levels (-20-fold) was about the same in run-on and RNA gel blot experiments that included the wild-type B component.
The interpretation of the run-on transcription experiments is somewhat complicated by the fact that viral dsDNA levels, and therefore gene copy number, vary substantially in the presente or absence of AL2 function. Specifically, dsDNA levels were considerably greater in leaf discs agroinoculated with the AL2 mutant. It should be noted here that this phenotype is not observed to the same extent in protoplasts; in this system, dsDNA levels are roughly equivalent regardless of whether transfections are done with AL2-or wild-type DNA A . Further variations in dsDNA levels were noted in leaf discs depending on whether the B component was present and whether it was capable of producing functional BR1 and BL1 proteins. Presumably, these differences are due in part to competition between the two genome components for replication and transcription factors, and to the varying abilities of different mutants to spread to adjacent cells in the leaf disc. In any event, when differences in dsDNA levels are taken into consideration, rightward transcript levels in leaf discs containing AL2-DNA A appear in all cases to be reduced to only a few percent of those in discs inoculated with wild-type DNA A on a unit template basis. These results indicate that transcript levels, in the presence or absence of AL2 function, are proportional to template levels under all conditions tested.
As is the case in other eukaryotes, transcription in plant cells is controlled by a number of diverse trans-acting regulatory proteins collectively referred to as transcription factors. Inspection of AL2 sequences from several bipartite geminiviruses reveals that this protein, despite its small size, has the general features expected of such a regulatory protein, consistent with its role in activating expression from the AR1 and BR1 promoters. As shown in Figure 8 , AL2 alleles contain a conserved basic domain near the amino terminus and a conserved acidic domain near the carboxy terminus. Studies of numerous transcription factors from yeast, animals, plants, and other viruses have shown that basic regions frequently represent DNA binding domains, whereas acidic regions often are characteristic of activation domains (Johnson et al., 1989; Struhl, 1989) . There is also a series of conserved cysteine and histidine residues immediately downstream of the basic region that may form a structure capable of binding zinc. These conserved residues in TGMV AL2 protein are arranged as Cys-X,-Cys-X4-His-X2-Cys-X,-His-X4-His-Cys. Severa1 different permutations of these residues can be envisioned, some of which are reminiscent of the C2H2 and C, motifs found in transcription factors such as Spl, TFIIIA, and the glucocorticoid receptors (Evans et al., 1988; Berg, 1990) . Interestingly, a CCHC motif found in several proteins that bind ssDNA or RNA, including the retroviral gag proteins, is also present (Berg, 1990) .
The significance of the putative zinc binding domain of AL2 protein, and of its basic and acidic regions, is currently under investigation. At this time there is no information available to indicate whether the AL2 gene product binds ssDNAor dsDNA or if such binding is sequence specific, and studies designed to address these questions are also in progress. These experiments are particularly important in light of the fact that transcriptional regulatory proteins encoded by certain mammalian DNAviruses (e.g., adenovirus E1A protein; Flint et al., (Hamilton et al., 1984) , Abutilon mosaic virus (AbMV; Frischmuth et al., 1990) , bean golden mosaic virus (BGMV; Howarth et al., 1985) , squash leaf curl virus (SqLCV; Lazarowitz et al., 1991) , ACMV (Stanley et al., 1983) , and tomato yellow leaf curl virus (TYLCV; Navot et ai., 1991) are shown. The conserved basic and acidic domains are boxed, and conserved cysteine and histidine residues are denoted by asterisks. The region between the arrows is unique to ORF AL2; AL1 and AL3 ORFs overlap AL2 in different reading frames.
1989) appear to function via protein-protein interactions rather than through direct contacts with specific DNA sequences. Regardless of the outcome of future studies of AL2 protein, the results are likely to be interesting and nove1 considering that, to date, only a few plant metal binding proteins that appear to be involved in transcriptional regulation have been identified (Lam et al., 1990; Takatsuji et al., 1992) .
Most DNA viruses employ a similar strategy for the regulation of gene expression in which an early viral gene product induces the expression of genes whose functions are needed at later times in the multiplication cycle. In this way, the proper temporal regulation of transcription required for a successful productive infection is achieved. TGMV and other geminiviruses appear to replicate their DNA via a rolling circle mechanism (Saunders et al., 1991; Stenger et al., 1991) . In this scheme, the dsDNA replicative form may serve as both a transcription template and as a template for the replication of ssDNA (plus strand). The ssDNA may either be converted to the dsDNA replicative form following priming and minus strand synthesis, or it may be removed from the replication pool and encapsidated. It is possible that the requirement for AL2 function delays coat protein expression for a period sufficient to allow dsDNA amplification to occur. In support of this hypothesis, time course experiments in protoplasts have shown that high-leve1 expression from the coat protein promoter coincides with the appearance of dsDNA and is paralleled by the accumulation of ssDNA (Brough et al., 1992 , perhaps the BR1 gene product also interacts with ssDNA to form an as yet undefined movement complex.
METHODS
DNAlRNA Techniques
Restriction endonucleases and modifying enzymes were obtained from Promega (Madison, WI) and used as recommended by the supplier. DNA and RNA manipulations, polymerase chain reaction, DNA gel blot hybridization, and RNA gel blot hybridization were performed essentially as described by Ausubel et al. (1987) .
Mutant Constructs
The construction of pUC118 derivatives containing tandemly repeated copies of wild-type tomato golden mosaic virus (TGMV) DNA A (pTGA26), DNA A containing a frameshift mutation in the AL2 open reading frame (ORF) (pTGA44), and wild-type DNA B (pTGB40) has been described elsewhere Brough et al., 1992) . A plasmid (pTGA55) containing a tandemly repeated copy of an AL2-DNA A genome component in which the coat protein coding region is replaced with the P-glucuronidase (GUS) coding sequence has also been described previously (Sunter and Bisaro, 1991) . The GUS coding region in pTGA55 is inserted at the AR1 start codon, and so the only TGMV sequences in the predicted ARllGUS transcript are the 5' untranslated leader and 50 nucleotides at the 3' terminus.
The 3'end of the AR1 transcription unit (Petty et al., 1988; contained within the Csp451-BamHI fragment of DNA A in pTGA35 (identical to pTGA55 except without the AL2 mutation; Sunter and Bisaro, 1991) was removed and replaced with the 3' end of the nopaline synthase gene from pMON530 . The resulting construct (pTGA61) is also an AL2/3 mutant.
A replacement of the BR1 ORF with the GUS coding sequence was engineered essentially by replacing the 188-bp Rsal-EcoRI fragment of pTGB38 with the 1920-bp Bglll-EcoRI fragment containing the GUS gene from pMON9749 (Hinchee et al., 1988) . Plasmid pTGB38 contains the 1265-bp Bglll-EcoRI fragment of DNA B in pUC118. The resulting construct (pTGB107) was a DNA B 0.5-mer containing the common region and the GUS coding sequence fused in frame with the ATG of the BR1 ORF. The 1911-bp Aflll-EcoRI fragment, containing the common region, from pTGB40 was inserted into pTGB107 to obtain a tandemly repeated DNA B genome with the GUS gene replacing the BR1 ORF (pTGB111). The 1882-bp Pstl fragment from pMON9749 containing the GUS coding region was used to replace the 656-bp Nsil fragment within the BL1 ORF in pTGB1, a pUC8 derivative containing a DNA B monomer. The modified DNA B was excised with EcoRl and inserted into pTGB38 to create pTGB110.
A construct designed to express only the AL2 ORF (pTGA79) was constructed. The AL2 ORF was obtained from wild-type DNAA by polymerase chain reaction using primers flanking the coding region. The amplified fragment was used to replace the GUS coding sequence between ths cauliflower mosaic virus 35s promoter and the nopalirls synthase 3'end in pB1221 (Clonetech, Palo Alto, CA).
Protoplast Transfection and Analysis
Protoplasts were prepared from Nicotiana tabacum cv Wisconsin 38 suspension culture cells and transfected as described by and Brough et al. (1992) . Protein extracts were prepared from protoplasts transfected 3 days previously Brough et al., 1992) , and protein concentrations were estimated by the method of Bradford (1976) . GUS assays were performed according to Jefferson (1987) using equivalent amounts of protein. DNA was isolated from protoplast extracts (Mettler, 1987) and quantified by spectrophotometry. Samples containing 1 pg of DNA were electrophoresed through an agarose gel, transferred to nitrocellulose (Schleicher and Schuell, Keene, NH), and analyzed by hybridization with appropriate =P-labeled riboprobes prepared from pGEM plasmids (Promega) containing TGMV or GUS sequences as described elsewhere Sunter and Bisaro, 1991) .
Leaf Disc Transformation
The agroinoculation of N. benfhamiana leaf discs with Agrobacferium fumefaciens cultures harboring wild-type DNA A (pMON337), AL2-DNA A (pMON422), wild-type DNA B (pMON393), and BL1-DNA B (pTGB37) in the Ti plasmid vector pMON505 was carried out as described previously (Elmer et al., 1988a; Sunter et al., 1990) . In experiments where steady state RNA levels were examined, transgenic N. benfhamiana plants containing tandemly repeated copies of wildtype DNA B (line 3427; Elmer et al., 1988b) were used as the source of leaf discs.
, -
RNA lsolation and Analysis
Poly(A)+ RNA was isolated from protoplasts, leaf discs, or infected plants as described by , except that protoplasts were sedimented and resuspended directly in the RNA lysis buffer. Samples containing 2 to 5 pg of RNA were subjected to RNA gel blot hybridization using appropriate 3zPPlabeled riboprobes . Blot signals were quantified directly from the hybridization membrane using a Betascope 603 radioanalytic imager (Betagen, Waltham, MA) or, following exposure of the membranes to a storage phosphor screen, using a Phosphorlmager (Molecular Dynamics, Sunnyvale, CA).
Run-on Transcription Assays
Nuclei were prepared essentially as described by Wanner and Gruissem (1991) from 2 to 4 g of leaf discs 7 days following agroinoculation. The isolated nuclei were resuspended in nuclear resuspension buffer, and total nuclear DNA was isolated from a small aliquot (10 pL) and quantified by spectrophotometry. The remaining nuclei were quick frozen in liquid nitrogen prior to storage at -80%. Nuclei were thawed at room temperature and 200 pL of 2 x transcription buffer (10 mM Tris-HCI, pH 8, 5 mM MgCIz, 300 mM KCI, 1 mM CTF 1 mM GTP, 1 mM ATP) and 125 to 250 pCi U-~~P-UTP (800 Ci/mmol) were added immediately and incubated at 3OoC for 30 min (Ausubel et al., 1987) . Reactions typically contained 0.5 to 1 mg/mL of DNA. Reactions were terminated and DNase I treated as described by Wanner and Gruissem (1991) . DNA probe fragments were electrophoresed through an agarose gel and transferred to nitrocellulose (Ausubel et al., 1987) prior to hybridization with labeled run-on transcripts (1 x 107 cpm). Membranes containing a bound DNA fragment specific for the p subunit of mitochondrial ATP synthase (Boutry and Chua, 1985) were washed four times for 15 min in 2 x SSC(1 x SSC is 0.15 M NaCI, 0.015 M sodium citrate), 0.1% SDS at room temperature; 45 min in 2 x SSC, 0.1% SDS at 65OC; and 45 min in 1 x SSC, 0.1% SDS at 65°C (Ausubel e1 al., 1987) . Membranes containing bound AR1 and BRI-specific DNA fragments were washed in the same way, with two further 15-min washes in 0.1 x SSC, 0.1% SDS at 65OC.
